We examined effects of abandonment on species diversity and species composition by comparing 21 calcareous fen meadows in the pre-alpine zone of central and northeastern Switzerland. Meadows were divided into three classes of successional stages (mown: annually mown in late summer, young fallow: 4 -15 years, and old fallow: >15 years of abandonment). In each fen, we measured litter mass in four 20 cmÂ20 cm plots, as well as (aboveground) biomass and species density (number of species per unit area) of bryophytes and vascular plants. Bryophyte biomass was reduced in abandoned fens, whereas litter mass and aboveground biomass of vascular plants increased. Species density of both taxonomic groups was lower in abandoned than in mown fens. Young and old successional stages were not different except for bryophytes, for which old successional stages had higher species density than young stages. We used litter mass and aboveground biomass of vascular plants as covariables in analyses of variance to reveal their effects on species density of both taxonomic groups. For bryophytes, litter mass was more important than vascular plant biomass in explaining variance of species density. This indicates severe effects of burying by litter on bryophyte species density. For species density of vascular plants, both vascular plant biomass and litter mass were of similar importance in explaining the decreased species density. Canonical correspondence analyses showed that abandonment also had an effect on species composition of both bryophytes and vascular plants. However, young and old successional stages were not different indicating fast initial changes after abandonment, but slow secondary succession afterwards. Furthermore, indicator species analysis showed that there was no establishment of new species after abandonment that might dramatically alter fen communities. Re-introduction of mowing as a nature conservation strategy may thus be very promising -even for old fallows.
Introduction
In central Europe, many species-rich grassland communities are maintained either by extensive grazing or mowing (Ellenberg 1996) . Due to rationalization of farming practices, many formerly traditionally managed grasslands are nowadays either used more intensively or management has ceased completely. The cessation of management leads to secondary succession which is a serious problem in nature conservation. Abandonment often results in (1) the replacement of specialist by generalist species; (2) the decrease of species diversity; and (3) the establishment of woody or invasive species (Zoller and Bischof 1980; Schiefer 1981; Bosshard et al. 1988; Maas 1988; Buchwald 1996; Jensen and Schrautzer 1999; Billeter and Diemer 2000; Diemer et al. 2001 ). The accumulation of litter is one of the most important mechanisms changing species composition after abandonment. A thick litter layer reduces radiation at the soil surface, shades out small and shortlived species, and inhibits germination and establishment of seedlings (Facelli and Pickett 1991; Xiong and Nilsson 1999) .
Effects of abandonment are well documented for vascular plants, but only few studies have focussed on bryophytes. The two taxonomic groups differ substantially in respect to their physiology, anatomy, and morphology. Most bryophytes are ectohydric (Buch 1947 ) and have neither roots nor an efficient internal vascular system. Water and nutrient uptake occur over the whole plant surface. Consequently, bryophytes are restricted in size and, therefore, interactions with vascular plants for light are extremely asymmetric (Rydin 1997 (Rydin , 'amensalistic' following Økland 2000 . Although many bryophytes are shade-tolerant because of low light compensation points (Proctor 1981 ) studies demonstrate that light can be an important factor influencing growth and plasticity of bryophytes (Bates 1988; Rincon and Grime 1989; Bergamini and Peintinger 2002) . Furthermore, bryophyte biomass and diversity decrease with increasing vascular plant biomass, at least in temperate grasslands (Bergamini and Pauli 2001; Bergamini et al. 2001a; Ha´jkova´and Ha´jek 2003) .
In abandoned grasslands the accumulation of litter may strongly affect light availability of the bryophyte layer thereby limiting growth of the bryophytes. However, only few studies have examined the effect of litter on the bryophyte layer (Wheeler and Giller 1982; van Tooren et al. 1988; Ha´jkova´and Ha´jek 2003) and they lead to different results. Besides negative effects of litter, there may also be positive ones. For example, decomposing litter might enhance growth of bryophytes by nutrient release (Rincon 1988; Frego and Carleton 1995) .
In general, there are only few studies which examine both taxonomic groups with the same intensity (e.g., Ingerpuu et al. 2001) . In this study, we explored the effects of abandonment on both bryophytes and vascular plants. We are not aware of another study examining simultaneously the effect of abandonment on both bryophytes and vascular plants. In a previous study, Diemer et al. (2001) have examined the effect of abandonment in the same region but their study has been restricted to vascular plants and has been focussed on environmental factors (soil nitrogen, soil nitrate, and pH) and structural features of the canopy. We asked whether abandonment affects (aboveground) biomass, species density (species number per unit area), and species composition of both bryophytes and vascular plants. Furthermore, we examined to what extent litter mass and aboveground biomass of vascular plants explained variance in species density and species composition.
Materials and methods

Study area
We studied 21 calcareous fen meadows in the prealpine zone of central and north-eastern Switzerland. The dominating plant community belongs to the Caricion davallianae alliance according to the Braun-Blanquet system (Ellenberg 1996) which are species-rich in both bryophytes and vascular plants (Bergamini et al. 2001b; Peintinger et al. 2003) . Productivity measured as aboveground biomass of vascular plants is rather low (Pauli et al. 2002) and bryophyte biomass can sometimes exceed aboveground biomass of vascular plants (Bergamini et al. 2001a) .
In each of six regions we selected one to four abandoned fens as well as one annually mown litter meadow (Table 1, Diemer et al. 2001) . Fens with Caricion davallianae vegetation were randomly selected out of the national fen inventory (BUWAL 1990) . To estimate age since abandonment local farmers were asked and these statements were verified by counting growth rings of established woody species.
Age since abandonment varied between 4 and 35 years. Because the estimation of time since abandonment was only roughly estimated we built classes of successional stages (mown: annually mown in late summer, young: 4 -15 years, and old: >15 years of abandonment). Using this classification, we got three almost equally sized groups and, thus, only a slightly unbalanced design for the analyses. Out of the 21 study sites 6 were mown. Seven fens belonged to the young and eight to the old successional stage. The fens were situated between approx. 1000 and 1300 m. a.s.l. (Table 1) . Annual precipitation was high and varied between 1500 and 2500 mm (Uttinger 1967) .
Soil pH was measured in four rewetted soil samples per site (data provided by K. Oetiker, see Diemer et al. 2001) and varied between pH 5.4 and 7.4. ANOVA with regions as blocking factor showed that pH varied marginally significantly among regions (F 5,13 =2.63, p=0.07), but not between successional stages (F 2,13 =2.06, p=0.17).
Field study
In July and August 2000 (i.e. at peak vascular plant biomass) four plots were randomly arranged in each fen. We used 20 cmÂ20 cm plots (0.04 m 2 ) to assess biomass and species density of both groups. Although sample size seems rather small for assessing species density of vascular plants we used the same scale for both taxonomic groups because sampling errors are scale-dependent (Klimesˇet al. 2001) . Previous studies in fen meadows have shown that this plot size is sufficient to detect significant differences in species density (Bergamini et al. 2001a) .
We first recorded all vascular plants before clipping them just above the bryophyte layer. After that, litter and bryophytes were removed completely. For the bryophytes a provisional species list was prepared in the field. Small and critical bryophytes species were sampled separately and determined in the laboratory. Some species are treated collectively because most samples of these species were too small or too poorly developed to allow for an exact determination (see Appendix, Table A .1). In the laboratory, litter, bryophytes, and the aboveground biomass were separated and their dry mass was measured after drying at 80°C until mass constancy. Nomenclature of vascular plants follows Lauber and Wagner (1996) , and of bryophytes Geissler et al. (1998) with the exception of Drepanocladus cossonii (Schimp.) Loeske and Cratoneuron falcatum (Brid.) G. Roth which were now both accepted as distinct species.
Statistical analysis
To assess the relationships between litter mass, biomass of bryophytes, and aboveground biomass Region and successional stage were tested against the site term and differences among sites were tested against the residual error term (variation among plots). The total variation among the factor 'successional stage' was divided into two orthogonal contrasts (Rosenthal and Rosnow 1985) , the first between mown and abandoned fens, and the second between the young and old successional stage. This allows to test whether mown and abandoned fens were different (contrast 1) and, further, whether young and old fallows were different (contrast 2).
To assess whether the effects of successional stage on species density can mainly be explained by the accumulation of litter mass and vascular plant biomass, the ANOVA models described above were used, but litter mass and vascular plant biomass were fitted first (and tested against the residual error term, right panel in Table 4 ). When using two covariables, their effects depend on the fitting sequence. Therefore, we calculated the ANOVA twice, but varied the fitting sequence of the two covariables to evaluate their relative importance. The variance explained by the ANOVAs were calculated as adjusted R 2 (Payne et al. 1993) , expressed as percentage: R 2 adj. =100 [1-(residual mean squares/total mean squares)]. ANOVA tables were calculated using GENSTAT 5.3 (Payne et al. 1993 ) with the regression approach (McCullagh and Nelder 1983) .
We employed canonical correspondence analysis (CCA, ter Braak 1986) to test influences of environmental variables on species composition of both vascular plants and bryophytes. As original species scores we used frequency data (number of occupied plots per site, ranging from 0 to 4). All CCAs were performed with the program CANO-CO 4.0 (ter Braak and Smilauer 1998) using the default options. We used the six regions as covariables by converting them into six nominal variables. Separate CCAs were run for each environmental variable to evaluate their independent explanatory power (% of variance explained). Afterwards, the forward selection procedure of CANOCO was applied to build a minimal model of variables explaining the species distribution data. Statistical significance of variables and ordination axes were tested by Monte Carlo permutation tests. When starting the forward selection, the following environmental variables were available: abandonment (mown or abandoned coded as 0 or 1), successional stage (mown, young, and old coded as 1, 2, and 3, respectively), time since abandonment (zero for mown fens), pH, altitude, slope, litter mass, biomass of vascular plants and bryophytes. For the last three variables and for pH, means of four plots per site were used. The forward selection was stopped when the additional effect of the last variable selected was not significant (5% level, sequential Bonferroni correction).
We applied the indicator value method developed by Dufreˆne and Legendre (1997) to identify indicator species for the three successional stages. The indicator value (IndVal) of a species was calculated as the product of its group specificity (A ij ) with its group fidelity (B ij ) as IndVal ij =A ij Â B ij Â100. A ij was calculated by dividing the mean number of occupied plots of species i across sites in group j by the sum of the mean numbers of occupied plots of species i over all groups, while B ij was calculated by dividing the number of sites in group j where species i is present by the total number of sites in group j. IndVal reaches its maximum value (=100%) when all plots occupied by a species are found in the same group and when all plots in that group are occupied by that species. Following Dufreˆne and Legendre (1997) , statistical significance of the resulting IndVal was evaluated for each species by a random re-allocation procedure (1000 permutations) of sites among the three groups. Indicator value analyses were carried out with PC-ORD 3.0 (McCune and Mefford 1997).
Results
Litter and biomass
The correlation matrix (Table 2) showed a highly significant positive correlation between litter mass and aboveground biomass of vascular plants (for reasons of simplicity hereafter called vascular plant biomass). Bryophyte biomass was negatively correlated with both litter mass and vascular plant biomass.
Litter mass per plot ranged from 42.5 to 470.0 g m )2 . It varied among successional stages (p<0.001) and was more than two-fold higher in abandoned than in mown fens (p<0.001, Figure 1 , Table 3 ), but there was no difference between the young and the old successional stage. Maximum bryophyte biomass found was 337.5 g m )2 and in only one of the 84 plots we recorded no bryophytes. Successional stage had only a marginally significant effect on bryophyte biomass (p=0.09), but the contrast between mown and abandoned fens was significant (p<0.05, Figure 1 , Table 3 ). Bryophyte biomass was twofold lower in abandoned than in mown fens. The aboveground biomass of vascular plants varied between 12.5 and 607.5 g m )2 and was higher in abandoned than in mown fens (p<0.05, Figure 1 , Table 3 ). Again, there was no difference between the young and the old successional stage. Litter mass and vascular plant biomass showed no spatial variation (no significant region and site effects), but bryophyte biomass varied among sites (p<0.05).
Species density
In total, we recorded 49 bryophyte species (including 10 liverworts) and 111 vascular plant species. Species density of bryophytes varied between 0 and 12 species per plot and that of vascular plants between 5 and 20 species. Species density of bryophytes and vascular plants were weakly, but significantly correlated (Pearson's r=0.41, p<0.01).
Species density of bryophytes varied among successional stages and between mown and abandoned fens (both p<0.01, Table 4 ). It was smaller in abandoned than in mown fens (Figure 1 ), but higher in the old than in the young successional stage (p<0.05). Furthermore, species density of bryophytes varied among sites (p<0.05). It decreased with increasing litter mass (p<0.001) and vascular plant biomass (p<0.05, Table 4 , Figure 2) . When litter mass was fitted first, the effect of vascular plant biomass disappeared. However, when vascular plant biomass was fitted first, the effect of litter mass remained significant at p<0.001. This indicates that litter mass was the main covariable influencing species density of bryophytes. The effect of successional stage became less pronounced (p<0.05) when both covariables were fitted and the contrast between mown and abandoned fens was now only marginally significant (p<0.08). However, the effect of the second contrast (young vs. old) was not affected by fitting the covariables. This was expected to some extent, since neither litter mass nor vascular plant biomass significantly varied between young and old successional stages (Table 3) .
Species density of vascular plants varied among successional stages (p<0.01) and was lower in abandoned than in mown fens (p<0.001, Table 4 , Figure 1 ), but there was no difference between the young and old successional stage. Similarly to the bryophytes, it decreased with litter mass and vascular plant biomass (p<0.001 for both) but the fitting sequence did not change significance of the covariables (Figure 2 , Table 4 ). This indicates, that litter mass and vascular plant biomass had additive effects on species density of vascular plants despite the significant correlation between these two variables.
Species composition
Separate CCAs for each environmental variable revealed only the nominal variable abandonment as significant in explaining the species composition of bryophytes. Bryophyte biomass, age since abandonment and successional stage were marginal significant (Table 5 ). For vascular plants abandonment and litter mass each explained a significant amount of variation. Marginal significant effects were again found for bryophyte biomass and age since abandonment (Table 5) . However, after adding the best variable (abandonment) to each of the models the effect of all other variables was far from significance (p>0.1). (Payne et al. 1993) ; df: degree of freedom; SS: sum of squares; F: variance ratio; Sign.: significance: *p<0.05; **p<0.01; ***p<0.001.
The minimal model for bryophytes and vascular plants was thus the same for both and consisted only of the nominal variable abandonment. Because only one environmental variable was included in the minimal model only one canonical axis could be extracted.
Ordination diagnostics and distribution of sites in ordination space for both bryophytes and vascular plants were very similar (Table 6, Figure 3) . The separation of mown and abandoned sites on the first CCA axis was conspicuous. However, young and old fallows were hardly separated along the first or the second ordination axis (Figure 3) .
For bryophytes we found only 2 out of 48 (4%) species with significant indicator values, namely Climacium dendroides and Hypnum lindbergii, which both had their highest values in mown fens (IndVal=69% and 50%, resp.). The occurrence of Hypnum lindbergii was restricted to mown fens.
For vascular plants the indicator value analysis revealed significant patterns for 11 out of 111 (9%) species. Nine out of these 11 species were indica- Figure 2 . Relationships between biomass, species density, and litter for bryophytes and vascular plants. For vascular plants biomass refers to peak aboveground biomass. Regression lines were all significant for at least p<0.05 (see Tables 3 and 4). tive for mown fens: Carex panicea (IndVal=49%), Ranunculus montanus agg. (60%), Carex pulicaris (53%), Juncus alpinus (56%), Linum catharticum (52%), Plantago lanceolata (61%), Trifolium pratense (93%), Polygala amarella (67%), and Euphrasia rostkoviana (50%). One species was found as an indicator for young fallows (Lysimachia nemorum, 43%) and one for old fallows (Aster bellidiastrum, 56%).
Discussion
Our study demonstrates that the cessation of management influences biomass, species density, and species composition of both bryophytes and vascular plants. Both taxonomic groups showed similar patterns with respect to species density and species composition. However, response of biomass to abandonment differed considerably between the two groups. Sampling units in our study were rather small, at least to estimate species density of vascular plants. Therefore, the abundance of rare species was rather underestimated. Still, we found clear and significant patterns in species density.
Biomass and litter
The cessation of management caused an increase of vascular plant biomass and litter. In our study, litter mass in abandoned fens was more than twice as high as in mown fens while Diemer et al. (2001) have found a 15-fold increase of litter mass. This discrepancy can be explained by different sampling procedures. We have removed the whole moss layer and, therefore, included litter intermingled in the moss layer. In contrast, Diemer et al. (2001) have merely sampled the litter above the moss layer and, therefore, found much lower values than we found in mown meadows. However, in both studies the accumulation of litter mass was independent of the fallow age. Obviously, other variables such as nutrient supply, local climate or hydrological conditions might be more important than fallow age.
We, as well as Diemer et al. (2001) , have found an increase in aboveground biomass of vascular plants in abandoned fens. This increase is congruent with other studies in fen meadows (Bosshard et al. 1988; Gu¨sewell et al. 1998 ) and other grassland types (Sto¨cklin and Gisi 1989; Ryser et al. 1995) . It is usually attributed to a process called auteutrophication which leads to a higher productivity in abandoned relative to mown fens In every CCA the six regions were used as covariables. Significance: +p<0.1; *p<0.05. Significance of first axis p=0.054 p=0.027
Inertia is a measure of the total amount of variance in the species composition (ter Braak and Smilauer 1998).
(for a critical discussion, see Diemer et al. 2001) . Although aboveground biomass in the studied fen meadows is limited (but not only) by nitrogen (Pauli et al. 2002) , Diemer et al. (2001) found no significant relation between fallow age and total soil nitrogen and soil nitrate, respectively. In contrast to vascular plant biomass, bryophyte biomass was lower in abandoned than in mown fens. By deposition of litter, the light environment, the water conditions and the soil temperature are markedly changed (Facelli and Pickett 1991) . Of these changes, the lowered light levels may be the most important. Bryophyte growth is limited by light (Proctor 1981) and, thus, increased aboveground vascular plant biomass (Bergamini et al. 2001a ) and litter cover (Ha´jkova´and Ha´jek 2003) are bound to reduce bryophyte biomass. For vascular plants, there is much evidence of toxic effects of litter leachates on germination and growth (Facelli and Pickett 1991) . However, it is largely unknown whether such effects of litter on bryophyte growth exist. Furthermore, litter may also act as a mechanical barrier (Facelli and Pickett 1991) and inhibit the emergence of buried bryophyte shoots even if enough light is available.
Species density
Species density of bryophytes was 30% lower in abandoned than in mown fens. Reductions of species diversity were also found in one chalk grasslands after the cessation of management (van Tooren et al. 1990 ) but not in another (Vanderpoorten et al. 2003) . Similar to bryophytes, species density of vascular plants was 32% lower in abandoned than mown fens. Diemer et al. (2001) who has investigated larger sampling plots (2 m 2 ) observed a reduction of 18%.
A part of the decrease of species density of both taxonomic groups can be explained by litter and aboveground biomass of vascular plants. For bryophytes, the two fitting sequences of the covariables showed that litter mass was more important, because the effect of litter mass was still significant when fitted after aboveground biomass of vascular plants, but the reverse was not true. As mentioned for bryophyte biomass, the reduced light levels and the mechanical impediments imposed by the litter layer are likely to be the main reasons for the decreased species density of bryophytes.
In contrast, the highly significant effects of litter mass and aboveground biomass of vascular plants on species density of vascular plants were rather independent of the fitting sequence. This indicates that, at least in part, both covariables contributed additively to the variation of species density. Litter accumulation is seen as an important factor influencing seed germination and establishment of seedlings (Facelli and Pickett 1991) . This was also demonstrated for species of wet grasslands (Mass 1988; Billeter and Diemer 2000; Jensen and Meyer 2001; Billeter et al. 2003) . In their meta-analysis for several vegetation types, Xiong and Nilsson (1999) have found a significant correlation between litter mass and seedling establishment, but no such relation between litter and species richness. Nevertheless, it seems still probable that the decreased establishment of juvenile plants leads to a decrease of species richness. Evidently, since litter mass and vascular plant biomass are mostly positively correlated (Table 2) , effects of these two variables are confounded. Only few experimental studies have separated the effects of litter and biomass (e.g., Nash Suding and Goldberg 1999; Xiong et al. 2003) . Based on the results of a field experiment, Xiong et al. (2003) hypothesized, that the litter layer may act as filter, allowing only certain species to germinate and emerge, whereas canopy shade may discriminate less between species, but rather affect seedling numbers. Such an effect may explain the larger sum of squares of litter mass when fitted as the first covariable, in comparison when vascular plant biomass was fitted first (see Table 4 ).
Unexpectedly, species density of bryophytes was higher in old, rather than young successional stages of abandoned fens. This effect remained almost unchanged when the covariables 'litter mass' and 'vascular plant biomass' were fitted in the ANOVA models. One possible explanation is that habitat heterogeneity increased with fallow age, for example by tussock-building grasses and sedges, and led to an increase of spatial niches where shading by litter and vascular plant biomass was low. However, we found no species which had a significant indicator value for old successional fen meadows, but some species with high indicator values in mown fens, low values in young and again high values in old successional stages (e.g., Thuidium philibertii/delicatulum, Hylocomium splendens).
Species composition
The cessation of mowing also had a conspicuous effect on bryophyte and vascular plant species composition. Especially for vascular plants, this effect could be explained nearly equally well by litter biomass. For bryophytes, the effect of litter mass was far from significance (p>0.1). Astonishingly, in our study pH was not significantly related to the species composition for both bryophytes and vascular plants. This contrasts with the findings of Bergamini et al. (2001b) who identified pH as the most important variable explaining bryophyte species composition of very similar communities in the same region. The cause for this discrepancy may be that the effects of region and pH were confounded. In fact, a separate CCA without the regions as covariables revealed that pH explained a significant amount of variation if it was the only variable included in the model (results not shown).
Interestingly, the effects of litter mass were dependent on the taxonomic group. While for vascular plants litter mass explained differences in species composition nearly equally well as abandonment, this was not the case for bryophytes. It is not clear why litter should not play an equally important role in structuring bryophyte communities. A thick persistent litter layer may also inhibit germination of bryophyte spores and/or prevent the establishment of new individuals since both process frequently depend on gaps created by disturbance (e. g. Jonsson 1993; Kimmerer and Young 1996) . On the other hand, nutrientrich litter may also be important for the establishment of bryophytes by spores as was shown for peat mosses (Sundberg and Rydin 2002) . Since size-variation within bryophytes is less than within vascular plants, most bryophytes will be affected in a similar way by litter, i.e. they will be buried. For vascular plants, however, burying by litter will only be a problem for the small species (e. g. Jensen and Meyer 2001) . Thus, the litter layer may act as a strong filter for vascular plant species composition (cf. Xiong et al. 2003 ) but less so for bryophytes. The indicator analyses (Appendix Table A .1) showed that in particular small and short-lived vascular plants species diminished in abandoned fens. These species can be considered as weak competitors. For bryophytes there seems to be no relation of plant size and local extinction. Only two species were less abundant in abandoned fens and both are rather tall species of calcareous fens. Moreover, indicator species were exclusively found for mown fens signalling that there is no invasion of new species as it has been observed for vascular plants in other, more nutrient-rich wet grasslands (e.g., Jensen 1998).
Conclusions
Traditionally, calcareous fen meadows were used as litter meadows and were mown every year in late summer. Without human activities wet forest communities will develop and eventually cover these sites. However, succession rate seems rather low and even oldest fallows (>30 years) still contained a considerable number of characteristic fen species. Indicator analysis showed that there was no establishment of new species as it has been observed in other wet grasslands. Evidently, succession rate in nutrient-poor, montane fen meadows is lower than in lowlands where reed (Phragmites australis), tall sedges (Carex spp.), and even invasive species (Solidago gigantea) increased after abandonment (Voser-Huber 1992; Buchwald 1996; Bru¨lisauer and Klo¨tzli 1998) .
Furthermore, the decrease of vascular plant species diversity in abandoned montane fens can be reversed after re-establishment of mowing (Gu¨se-well et al. 1998; Billeter 2001) . At least for bryophytes and vascular plants, re-introduction of mowing as a conservation measure may thus be promising, even in old fallows. 
